The effectiveness of the proposed control scheme has been verified experimentally using a laboratory prototype system.
I. INTRODUCTION
Concerns over global warming have led to an average increase in reducing the emissions of CO2 by replacing the energy sources based fossil fuels with that based on natural renewable energies in addition to reducing the power loss in distribution networks since it has a high ratio of X/R compared with the transmission one [1] . Therefore, the operation and design standards of distri bution networks have recently been changed to consider the energy saving by line loss minimization. However, the spread of distributed generation based renewable energies such as wind and solar in the distribution systems complicate the power flow calculations and affect the power quality. Its main disadvantages is that the node voltages may exceed the permissible limits during light load conditions [2] . Therefore, a new distribution system generation has been emerged named Smart Grid [3] , which has the ability to monitor and control the power flow from the load side and supply side by using FACTS series and shunt power electronics devices in order to 978-1-4799-2705-0/14/$31.00 ©2014 IEEE 601 maintain the load voltages within the permissible voltage limit [4] [5] .
Distribution system has been classified as radial and loop systems. Although, the loop system has better voltage profile and loss, Its protection scheme is very expensive. Moreover, it is very difficult to decide the fault location in the loop distribution system [6] . Therefore, in Japan the radial distribution system has been used due to its simple and inexpensive protection scheme. Moreover, in the radial distribution system detection and recovery of the faulted part are very fast. However, the node voltage at the feeder far ends is usually low due to the line voltage drop along the feeders. Therefore, smart-grid have full monitor and control of the load voltage.
Much of recent research in distribution system has been focused on line loss minimization and load voltage regulation by using FACTS devices based power electron ic components [7] . The authors have obtained the line loss minimum conditions in loop distribution system by eliminating the loop current from the loop system using UPFC [8] . Moreover, the authors have presented regula tions of all node voltages simultaneously with minimizing the line loss of a loop distribution system using UPFC [9] . Back-to-Back converter has been used to achieve line loss minimization in distribution systems by controlling the power flow of two-adjacent feeders [10] . A comparison between shunt and series compensators in controlling the loop distribution system has been achieved. Also, the authors have already proposed line loss minimiza tion control method to control reactive line current by the STATCOMs in radial distribution system considering multiple STATCOMs [11] - [14] . The main advantages of compensating the reactive currents in radial system is the availability of achieving unity power factor at the substation. Also, static capacitors have been considered as a simple method that improve the power factors and reduces the line loss [15] . However, the starting current in addition to its uncontrollable values and the life-time are considered the main drawbacks.
This paper presents an new control technique for controlling the existing radial distribution system in order to achieve line loss minimization using hybrid shunt compensators based STATCOMs and static capacitors. The insertion of these shunt compensator has the ability to compensate the reactive power in the radial distribution system and hence minimize the total line loss by provid ing the inductive loads with the required reactive power, which in-turn will reduce the reactive current component along the distribution feeders. The selection method of the optimal installed capacitor number in conjunction with the reactive current control by STATCOMs is proposed. The effectiveness of the proposed control technique has been verified experimentally using a laboratory prototype system. Experimental results shows that the proposed control technique has the ability to achieve line loss minimization in radial distribution system. Moreover, compensator locations obtained by the proposed math ematical model are the optimal ones.
II. LINE Loss IN RADIAL DISTRIBUTION SYSTEM and an inductance Ll rv L5. The substation has been considered as a voltage source Vs. Each STATCOM has been considered as a current source Ie. The main function of the installed STATCOMs and static capacitors is to achieve line loss minimization in the radial feeder in addition to unity power factor at the substation.
A. Analytical Model jl e nq (n=1,5)
(1) Fig.3 shows the approximated distribution model. In Fig.3 , the loads on the point of installation of the S TATCOMs and SCs are considered as unity power factor. Therefore the loads at these nodes can be ignored for simplification. Load 2 and Load 4 are replaced with the current source h 2 and j L4 , whereas the capacitor bank SC 3 is expressed by the current source t3 for m. The p-axis line loss and the q-axis line loss can be divided because the active and reactive current are orthogonal relation. Therefore, the line loss before the control Po is divided into the p-axis current line loss Pa p and the q-axis current line loss P Oq . Each line current before the control from (4), Po, Pa p and P Oq are given as follows.
Based on the line currents and the line parameters, the total line loss can be formulated as follows:
U sing The Park/Clark transformation, the line currents of the radial system can be divided into p-q components. Considering the p-q axis current components in line 2 and Line 4, the total power loss can be formulated as follows:
Po
Pa p + P Oq (6) Pa p (Rl + R 2 ) (h 2p + h4p) 2 2 + ( R3 + R4) I L4p shows the compensating currents of STAT COMs and capacitor bank that are injected to the radial distribution system model. It is cleared that these injected currents are leading currents in order to compensate the load lagging currents. Therefore, the summation of both currents, shown in Fig.4 (a) and (b), results in the line currents in radial system with the effect of STATCOMs and capacitor bank current as shown in Fig.4 (c). It is cleared that the total currents along the feeder will reduced after installing the shunt compensators. Also, the installed shunt compensator will compensate all the reactive current supplied by the substation, and hence unity power factor at the substation side will be achieved.
Therefore, the line current jl rv js after installing the shunt compensators of STATCOMs and capacitors can be formulated as follows: jl = hp + jhq = h2 + jL4 + jcl + t3 + jcs j2 = hp + jhq = h2 + jL4 + js3 + jc5 j3 = hp + jhq = h4 + js3 + ts j4 = I4p + jI4q = h4 + jc5 js = I sp + jIsq = jcs (9) The active currents do not change before and after in stalling the shunt compensators because the compensating currents of STATCOMs and capacitors are only reactive currents. Therefore, the power loss based active power components P p will not change, where as the power loss based reactive power component P q will be changes according to the change in the q-axis line currents.
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According to the line current given in (9), the line loss after installing the shunt compensators can be formulated based on the p-q axis line current components as follows: 
III. ANALY SIS OF COMPENSATING CURRENTS
In this section, the compensating currents of STAT COMs and static capacitors for minimize the line loss in radial distribution system are derived. The compensating current of the static capacitors is a stepwise value based on the number of the connected capacitors. Therefore, the static capacitor compensating current is only supporting the STATCOMs to achieve the main objective. Based on that, the controlled STATCOMs reactive current is used to optimize the power loss in the radial distribution system model. The capacity of the installed STATCOMs is also optimized by the installed static capacitors. Therefore, the derivation of the power loss minimization in radial distribution system will be based on the analysis of the STATCOMs injected currents.
A. Analysis of STATCOMs Compensating Current
Si nce the injected power of the STATCOMs and the static capacitors is only reactive power, the p-axis currents in each line of the radial distribution system in addition to the related power loss given in (11) will not change. The STATCOMs currents and the static capacitors currents are only q-axis current and will affect only the q-axis currents flowing along the feeder in addition to the related power loss given in (12) . It is cleared that the q-axis related power loss P q is a function of the STATCOMs currents Ic1 q and Ic5 q . Therefore, line loss minimization in the radial system can be formulated based on the STATCOMs currents as follows: According to (13) , the injected STATCOMs currents Ic1 q and Ic5 q for minimizing the line loss are given as follows: (14) i=2 (15) According to (14) and (15), all load reactive currents IL 2q , Is3 q and h4q can be compensated from the S TATCOMs currents resulting in zero reactive current supplied from the substation. Based on the line parameters of the radial distribution system, STATCOMs share in compensating the load reactive currents. For example, the reactive current of Load 2 IL 2q is compensated from the STATCOM 1 side by the R3 + R4 + R5 to summation of line resistances ratio, and from the STATCOM 2 side by R 2 to summation of line resistances ratio. This results in compensating load 2 reactive current by 100%.
B. Compensating Current and Installation number of SC
The line loss minimization can be achieved if the S TATCOMs currents injected to the distribution system are as given in (14) and (15) . Therefore, the reactive current line loss for line loss minimization can be obtained by substituting (14) and (15) into (12), as follows:
where m is the number of the connected shunt capacitors.
604
The capacity of installed capacitors should be opti mized, since the reactive current line loss given in (16) depends on the installed capacitor number. Therefore, the optimal capacitor number installed in the distribution system can be formulated as follows:
According to (17), the compensating currents of STAT COMs to realize the line loss minimization, given in (14) and (15), can be formulated as follows:
From coefficient of the reactive current IL 2q and IL4 q in (17) and (18), the reactive current of the load is complete ly compensated by two compensators which exist closest to the left and right sides of the load. From (16), if the number of installed shunt capacitors is m *, the reactive current line loss during line loss minimization P q _m * is given as follows:
Substituting (17) and (19) into (16), the reactive current line loss P q is given as follows:
According to (20), the reactive current line loss P q is determined by the difference between the optimal number of installed static capacitors and the actual one Im* -mi. The optimal number of the installed shunt capacitors m * is determined by the line parameters in addition to the reactive current of loads as given in (17). Line loss minimization is realized if the input number of the installed capacitors m has been selected according to the optimal number m * as given in the above conditions.
C. Line Reactive Current Calculations
If the input number of installed shunt capacitors m = m*, the resultant reactive currents in each line of the distribution system can be formulated by substituting the compensating currents given in (17) and (18) into the line currents given in (9) as follows: (17) and (18). After installing the shunt compensators, the reactive currents flow through the distribution system lines as given in (21). Fig.6 shows that the resultant reactive currents decrease as compared with the reactive currents flows in the distribution system before installing the shunt compensators. Also, it is cleared that the reactive current in line I h q is completely compensated, resulting in unity power factor at the substation side. In this model, the line loss reduction effect increases if line resistance RI from the substation to STATCOM 1 increases. According to (20), the change in reactive current line loss D.P q due to the installation of the shunt compensators is given as follows:
In the range of -0.5 ::; m* ::; 3.5, the difference between the optimal and actual number of the installed static capacitors is always Im* -ml ::; 0.5. Therefore, the range of change in reactive current line loss given in (22) after installing the shunt compensators is given as follows:
The change reactive current line loss D.P q due to the difference between the actual and optimal number of shunt static capacitors is small as shown in (23).
IV. CONTROL OF STATCOM Fig.7 shows configuration of the STATCOM. The DC capacitor voltage is controlled by using the active current component, whereas the reactive current of the distribution system is controlled by using the reactive current component. The proposed control of STATCOMs is realized by a DSP (Digital Signal Processor, TM S320C6713, TI) which calculates the new reference value in each control period based on the control algorithm using the detected voltages and line currents. Although, the reactive currents of Load 2 and 4 h2q and h4q are used to calculate the reference value in (17) and (18), the line currents of the distribution system model is used in the experimental system in order to avoid load variation effects on the controller. Therefore, the reference values of the shunt compensators given in (17) and (18) can be formulated as follows:
Therefore, the controller is used to control the injected currents of both STATCOMs to follow the reference values given in (24).
V. EXPERIMENTAL RESULT
A. Experimental System configuration Fig.8 shows the 3kVA-200V three-phase three-wire laboratory prototype system configuration that has five lines Line 1 rv 5 supplied from the voltage source Vs, which is same as the distribution system model shown in Fig.2 . In this system, STATCOM 1 and STATCOM 5 are connected to Node 1 and 5, respectively, Load 2 and 4 are connected to Node 2 and 4, respectively, and three shunt static capacitors are connected to Node 3. Load 1, 3 and 5 are ignored. Table! shows the parameters of the prototype system. The STATCOMs are connected to the distribution system lines through shunt transformers, which are ignored in the experimental system model since the focus of this research is only for the power loss in the distribution system lines. The loads are considered as inductive loads representing by constant resistance R L n (n = 2,4) and inductance L L n (n = 2,4), with a power factor of 0.85. The static capacitor bank consists of three capacitors with same capacitances C that is connected to the system through switches. The laboratory prototype has been carried out in three modes. First, the system has been carried out before installing any shunt compensator. Se cond, the experimental system has been carried out with the effects of the two STATCOMs only for line loss minimization. Finally, the system has been carried out with the effects of installing the shunt capacitors in addition to the the STATCOMs. Tablell shows the theoretical values of the reactive currents and the optimal value of the connected shunt capacitors. From Tablell it is cleared that minimization of the reactive current line loss is realized by selecting the actual number of the static capacitors m = 1, since the optimal value is m * = 1.22. 
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B. Consideration of Experimental Results
The laboratory prototype of the radial distribution system is carried out before and after installing the STATCOMs and the static capacitors. The line currents of each line is transformed from the three-phase to p-q axis using the Park/Clark transformation. The p-axis current represents the active current component, whereas the q axis current represents the reactive current component. The substation voltage phase angle is considered as the reference for the whole system. The compensating current references of the two STATCOMs I� lq and I� Sq in addi tion to the compensating current optimal value m * Is3 q of the shunt capacitors are calculated based on the line currents. Fig.9 shows the experimental waveforms of the laboratory prototype before and after installing the shunt compensators. The waveforms show the STATCOM 1 injected current Ic1 q , STATCOM 5 injected current Ic5 q , optimal and actual static capacitor currents Is3 q , and the p-q axis line current components of the five lines of the distribution system model, respectively. The DC capacitor voltages Vdcl and VdcS are controlled to be constant by using the active currents Iclp and Icsp.
At the first 100 ms, from the starting time till To, the system has been carried out without the effect of the STATCOMs and the static capacitors. Therefore, the shunt compensating currents Icl q , Ics q and Is3 q are zero.
The active and reactive line current components in the laboratory prototype are shown in the waveforms of h q rv Is q . Si nce the loads are inductive, the reactive current components flowing in the distribution system lines are negative values.
At the time from To till T 1 , only the reactive current control of the two STATCOMs starts. Therefore, the compensating current of the static capacitors Is3 q is zero. since the two STATCOMs currents Icl q and Ics q are injected to compensate the reactive current components absorbed by the inductive loads, the injected currents are positive values. Fig.9 shows that after installing the two STATCOMs, the reactive current components of line 1 rv 4, represented by h q rv 14q , are reduced. At the time from T 1 till the end of experimental running time, the static capacitor is installed at node 3 in addition to the two STATCOMs installed at node I and 5. From the theoretical results given in Tablell and the experimental waveform of the shunt capacitor in Fig.9 , only one capacitor C is connected to the distribution system since the optimal value is rn* = 1.22. The compensating current of the static capacitors Is 3 q in addition to its optimal values are nearly same. Fig.9 shows that after installing the two STATCOMs in addition to the static capacitor, the reactive current components of line 1 hq is completely compensated. Also, the reactive current components of line 2 and 5 represented by hq and Isq, are reduced. The absolute values of the reactive currents on the Line 3 and 4 1 3 q and 1 4 q are increased slightly. Moreover, the two STATCOMs currents Ic 1 q and Ic 5 q are reduced after installing the shunt capacitor.
The bar-chart shown in Fig. 10 presents a comparison between the theoretical and experimental results of all the line loss in the distribution system before and after installing the shunt compensators. The experimental val ues of the line loss are obtained by the Digital Power Meters (Yokogawa Electric Corporation, WTI600). Be fore installing the shunt compensators, the total line loss in the distribution system model is theoretically 173.5 W and experimentally 171. The bar-chart shown in Fig.ll presents a comparison between the theoretical and experimental results of the reactive current line loss before and after the control. Be fore installing the shunt compensators, the total reactive current line loss is theoretically 52.8 W and experimen tally 51.0 W. After installing the two STATCOMs, the total reactive current line loss is theoretically 4.6 W and experimentally 5.8 W. The reactive current line loss is reduced by 88.6 % after installing the two STATCOMs. After installing the static capacitors in addition to the two STATCOMs, the total reactive current line loss is theo retically 3.1 W and experimentally 4.0 W. Therefore, the reactive current line loss after the control of STATCOMs and static capacitor is reduced by 92.2 % compared with its original value before installing the shunt compensators. Experimental and theoretical results prove the effective ness of the proposed control in reduction of all the line loss in the radial distribution system.
VI. CONCLUSION
This paper has presented the line loss mInImization control of radial distribution system using hybrid shunt compensators of STATCOMs and static capacitors. The theoretical analysis and experimental validation of the proposed control are described. Line loss can be divided into the active and reactive current line loss. According to the proposed method, it is possible to reduce only the reactive current line loss. The reactive current reference values of STATCOMs and the optimal number of installed static capacitors in the radial distribution system in order to minimize the line loss can be determined by the coefficients of the load reactive currents. The relation between the input number of static capacitors and the reactive current line loss in conjunction with the reactive current control by STATCOMs is derived. The change in reactive current line loss between the optimal and actual number of the installed static capacitor is obtained by selecting the actual number closest to the optimal number. The effectiveness of the the proposed control method is verified experimentally and the experimental results match with the theoretical one.
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